Fumarylacetoacetate hydrolase (FAH) hydrolyzes fumarylacetoacetate to fumarate and acetoacetate, the final step in the tyrosine (Tyr) degradation pathway that is essential to animals. Deficiency of FAH in animals results in an inborn lethal disorder. However, the role for the Tyr degradation pathway in plants remains to be elucidated. In this study, we isolated an Arabidopsis (Arabidopsis thaliana) short-day sensitive cell death1 (sscd1) mutant that displays a spontaneous cell death phenotype under short-day conditions. The SSCD1 gene was cloned via a map-based cloning approach and found to encode an Arabidopsis putative FAH. The spontaneous cell death phenotype of the sscd1 mutant was completely eliminated by further knockout of the gene encoding the putative homogentisate dioxygenase, which catalyzes homogentisate into maleylacetoacetate (the antepenultimate step) in the Tyr degradation pathway. Furthermore, treatment of Arabidopsis wild-type seedlings with succinylacetone, an abnormal metabolite caused by loss of FAH in the Tyr degradation pathway, mimicked the sscd1 cell death phenotype. These results demonstrate that disruption of FAH leads to cell death in Arabidopsis and suggest that the Tyr degradation pathway is essential for plant survival under short-day conditions.
Programmed cell death (PCD) has been defined as a sequence of genetically regulated events that lead to the elimination of specific cells, tissues, or whole organs (Lockshin and Zakeri, 2004) . In plants, PCD is essential for developmental processes and defense responses (Dangl et al., 1996; Greenberg, 1996; Durrant et al., 2007) . One well-characterized example of plant PCD is the hypersensitive response occurring during incompatible plant-pathogen interactions (Lam, 2004) , which results in cell death to form visible lesions at the site of infection by an avirulent pathogen and consequently limits the pathogen spread (Morel and Dangl, 1997) .
To date, a large number of mutants that display spontaneous cell death lesions have been identified in barley (Hordeum vulgare), maize (Zea mays), rice (Oryza sativa), and Arabidopsis (Arabidopsis thaliana; Marchetti et al., 1983; Wolter et al., 1993; Dietrich et al., 1994; Gray et al., 1997) . Because lesions form in the absence of pathogen infection, these mutants have been collectively termed as lesion-mimic mutants. Many genes with regulatory roles in PCD and defense responses, including LESION SIMULATING DISEASE1, ACCEL-ERATED CELL DEATH11, and VASCULAR ASSOCI-ATED DEATH1, have been cloned and characterized (Dietrich et al., 1997; Brodersen et al., 2002; Lorrain et al., 2004) .
The appearance of spontaneous cell death lesions in some lesion-mimic mutants is dependent on photoperiod. For example, the Arabidopsis mutant lesion simulating disease1 and myoinositol-1-phosphate synthase1 show lesions under long days (LD; Dietrich et al., 1994; Meng et al., 2009) , whereas the lesion simulating disease2, lesion initiation1, enhancing RPW8-mediated HRlike cell death1, and lag one homolog1 display lesions under short days (SD; Dietrich et al., 1994; Ishikawa et al., 2003; Wang et al., 2008; Ternes et al., 2011) .
Blockage of some metabolic pathways in plants may cause cell death and result in lesion formation. For example, the lesion-mimic phenotypes in the Arabidopsis mutants lesion initiation2 and accelerated cell death2 and the maize mutant lesion mimic22 result from an impairment of porphyrin metabolism (Hu et al., 1998; Ishikawa et al., 2001; Mach et al., 2001 ). Deficiency in fatty acid, sphingolipid, and myoinositol metabolism also causes cell death in Arabidopsis (Mou et al., 2000; Liang et al., 2003; Wang et al., 2008; Meng et al., 2009; Donahue et al., 2010; Berkey et al., 2012) .
Tyr degradation is an essential five-step pathway in animals (Lindblad et al., 1977) . First, Tyr aminotransferase catalyzes the conversion of Tyr into 4-hydroxyphenylpyruvate, which is further transformed into homogentisate by 4-hydroxyphenylpyruvate dioxygenase. Through the sequential action of homogentisate dioxygenase (HGO), maleylacetoacetate isomerase (MAAI), and fumarylacetoacetate hydrolase (FAH), homogentisate is catalyzed to generate fumarate and acetoacetate (Lindblad et al., 1977) . Blockage of this pathway in animals results in metabolic disorder diseases (Lindblad et al., 1977; Ruppert et al., 1992; Grompe et al., 1993) . For example, human FAH deficiency causes hereditary tyrosinemia type I (HT1), an inborn lethal disease (St-Louis and Tanguay, 1997). Although the homologous genes putatively encoding these enzymes exist in plants (Dixon et al., 2000; Lopukhina et al., 2001; Dixon and Edwards, 2006) , it is unclear whether this pathway is essential for plant growth and development.
In this study, we report the isolation and characterization of a recessive short-day sensitive cell death1 (sscd1) mutant in Arabidopsis. Map-based cloning of the corresponding gene revealed that SSCD1 encodes the Arabidopsis putative FAH. Further knockout of the gene encoding the Arabidopsis putative HGO completely eliminated the spontaneous cell death phenotype in the sscd1 mutant. Furthermore, we found that treatment of Arabidopsis wild-type seedlings with succinylacetone, an abnormal metabolite caused by loss of FAH in the Tyr degradation pathway (Lindblad et al., 1977) , is able to mimic the sscd1 cell death phenotype. These results demonstrate that disruption of FAH leads to cell death in Arabidopsis and suggest that the Tyr degradation pathway is essential for plant survival under SD.
RESULTS

Isolation and Characterization of the sscd1 Mutant
Approximately 100,000 M2 seeds from the ethyl methanesulfonate-mutagenized Arabidopsis population were first grown under LD for about 2 weeks and then transferred to SD to screen for mutants with spontaneous cell death phenotypes. One mutant, referred to as sscd1-1, exhibited obvious symptoms of wilting leaves a few days after transfer to SD (Fig. 1A , top panels). Further trypan blue staining, which assays for cell death (Dietrich et al., 1994; Bowling et al., 1997) , confirmed that cell death occurred in the wilted leaves of sscd1-1 (Fig. 1A, bottom panels) . The sscd1-1 mutant was crossed to wild-type Columbia (Col-0), and the F2 populations segregated for sscd1-1 and wild-type phenotypes in a ratio of 1:3, indicating that sscd1-1 resulted from the mutation of a single recessive Mendelian locus. When germinated and grown under LD for about 2 weeks and then transferred to SD, the sscd1-1 mutant plants exhibited obvious cell death symptoms but were able to grow and produce new leaves, inflorescences, and occasional partially fertilized siliques (Fig.  1, A and B) . However, when germinated and grown under SD, most of sscd1-1 seedlings became bleached and then died (Fig. 1, C , bottom panels, and D) within 10 d, although the seedling phenotype of sscd1-1 was similar to the wild type at the early stage within 5 d (Fig.  1C, top panels) .
Map-Based Cloning of the SSCD1 Gene
Based on the linkage analysis among molecular markers and the sscd1 phenotype of approximately 2,500 seedlings from the F2 population of the cross between sscd1-1 and wild-type Landsberg erecta, the SSCD1 gene was localized on chromosome I between two simple sequence-length polymorphic markers (F16J7 and S4494; Fig. 2A ). Further mapping placed SSCD1 between two cleaved-amplified polymorphic sequence (CAPS) markers (C4067 and C4102), which are included in the bacterial artificial chromosome (BAC) clone F12F1 (Fig. 2B) .
The SSCD1 gene was finally localized onto an approximately 6-kb fragment (ESl 6.4) by functional complementation with the subcloned fragments of F12F1 (Fig. 2 , C and E). The ESl 6.4 fragment contains two genes, At1g12040 and At1g12050 (Fig. 2D ). At1g12050 could fully rescue the cell death phenotype in the sscd1-1 mutant background (Fig. 2E) , which was referred to as the SSCD1 gene.
The corresponding sequence of the SSCD1 gene from sscd1-1 deviated from that of the wild type by a single nucleotide substitution, G to A, at position +1,030 relative to its translation start codon (Fig. 3A) . The G1030A nucleotide substitution is predicted to convert codon 157 (W) into a translation stop codon (Fig. 3B ). Sequence analysis reveals that the SSCD1 gene encodes a putative polypeptide of 421 amino acids ( Fig. 3B ) with 53% identity to the human FAH, an enzyme involved in Tyr degradation (Lindblad et al., 1977) . The SSCD1 protein is predicted to contain a domain of unknown function, DUF1969, and a FAH domain using the Plant Proteomics Database (http://ppdb.tc.cornell.edu; Sun et al., 2009; Fig. 3C) .
In addition to the sscd1-1 mutant, we identified another mutant (SAIL_128_B11; Fig. 4A ), referred to as the sscd1-2 mutant, with the transferred DNA (T-DNA) insertion into the first intron at +505 bp relative to the translation start codon in the SSCD1 gene (Fig. 4C ). Reverse transcription (RT)-PCR analysis showed that expression of the SSCD1 gene was completely abolished in sscd1-2 (Fig. 4B ). Similar to sscd1-1, the sscd1-2 mutant also exhibited cell death phenotypes under SD (Fig. 4, D and E) , which further verified that disruption of FAH leads to cell death phenotypes in Arabidopsis.
Cell Death in sscd1 Was Eliminated by Knockout of the HGO Gene
In humans, loss of fumarylacetoacetate (FAA) causes HT1, a lethal disorder (St-Louis and Tanguay, 1997), which probably results from an accumulation of toxic Tyr degradation intermediates such as maleylacetoacetate (MAA) and FAA (Kvittingen, 1986; Jorquera and Tanguay, 2001) . To investigate whether the cell death in the sscd1 mutant might also result from an accumulation Figure 2 . Mapping of the SSCD1 gene. The SSCD1 locus was mapped to an approximately 35-kb interval between the CAPS markers C4067 and C4102 on chromosome I (A), which is included in a single BAC F12F1 (B). Complementation assays with subcloned fragments of F12F1 (C) and the genes (D) showed that the phenotypes of sscd1-1 transgenic for the subclone ESl 6.4 (sscd1::tESl 6.4) and At1g12050 (sscd1::tSSCD1) were restored to the wild type (E). The positions shown below the markers indicate the locations of the Arabidopsis Genome Initiative map on the chromosome. The numbers in parentheses indicate the number of recombinant plants. Restriction endonucleases used to generate subclones (BSc, BamHI + SacI; KSl, KpnI + SalI; ESl, EcoRI + SalI) are shown. The fragment and gene marked in red can complement sscd1-1. The red arrows in E indicate wilted leaves.
of the intermediates MAA and FAA, we sought to interrupt the production of these intermediates in the sscd1 mutant by the inactivation of HGO essential for the generation of MAA and FAA.
Arabidopsis contains a single gene (At5g54080) encoding a putative HGO, which shows strong amino acid identity (57%) to the human HGO (Fernández-Cañón and Peñalva, 1995a; Dixon and Edwards, 2006) . We identified a T-DNA insertion mutant (SALK_027807; Alonso et al., 2003) in At5g54080, referred to as the hgo-1 mutant, where HGO expression was completely abolished (Fig. 5, A-C) . We generated the sscd1 hgo double mutant through genetic crossing of sscd1-1 with hgo-1. Phenotypic analysis showed that the sscd1 hgo double mutant did not display the cell death phenotypes under SD (Fig. 5, D and E) . These results demonstrated that the hgo-1 mutation, which interrupts the production of Tyr degradation intermediates MAA and FAA, could completely suppress cell death in the sscd1 mutant, suggesting that the accumulation of these intermediates causes the cell death phenotype in the sscd1 mutant.
Succinylacetone Induces Cell Death in Arabidopsis
Once MAA and FAA accumulate, resulting from the loss of FAH, both of them are able to undergo spontaneous reduction to succinylacetoacetate followed by spontaneous nonenzymatic decarboxylation to succinylacetone [See online article for color version of this figure. ] (Lindblad et al., 1977) . In both human HT1 and mouse fah mutants, the metabolic intermediates (MAA, FAA, succinylacetoacetate, and succinylacetone) were highly accumulated, which are toxic to cells and tissues (Lindblad et al., 1977; Grompe et al., 1993; Aponte et al., 2001; Jorquera and Tanguay, 2001 ). Due to technical difficulties, it is so far not possible to detect these metabolic intermediates in entire worms (Fisher et al., 2008) and in Arabidopsis plants (data not shown). To verify that the cell death phenotype in the sscd1 mutant might also have resulted from the accumulation of succinylacetoacetate and succinylacetone, we followed the approach used in worms (Fisher et al., 2008) and treated Arabidopsis seedlings with succinylacetone, the unique product that is commercially available among these metabolic intermediates. We found that treatment of wild-type seedlings with succinylacetone mimicked the sscd1 phenotypes: the treated wild-type seedlings exhibited wilted leaves and slow-growth symptoms under LD (Fig. 6A) ; these symptoms were more severe under SD (Fig. 6) . Moreover, we found that the sscd1 mutant was more sensitive to succinylacetone than the wild type under LD (Fig. 6) . Application of succinylacetone was able to significantly exacerbate the cell death of the sscd1 mutant under SD (Fig. 6 ). In addition, we found that the toxicity of succinylacetone to Arabidopsis seedlings is dose dependent (Fig. 6B) . For example, treatment with 5 and 10 mg mL 21 succinylacetone was unable to cause leaf wilting in wild-type seedlings under SD (Fig. 6B) ; however, severe symptoms (approximately 50% wilted leaves) developed in wild-type seedlings when they were treated with 160 mg mL 21 succinylacetone (Fig. 6B) . Taken together, these results demonstrated that the accumulation of the metabolic intermediates, including succinylacetone, causes the cell death phenotype in the sscd1 mutant.
DISCUSSION
In plants, Tyr can be converted into 4-hydroxyphenylpyruvate by Tyr aminotransferase and then transformed into homogentisate by 4-hydroxyphenylpyruvate dioxygenase (Löffelhardt and Kindl, 1979; Fiedler et al., 1982; Lopukhina et al., 2001) . Homogentisate is the precursor of tocopherol biosynthesis in plants and also can be produced from other sources such as the shikimate pathway (Fiedler et al., 1982; Arango and Heise, 1998; Collakova and DellaPenna, 2003) . The Arabidopsis complementary DNAs encoding the HGO, MAAI, and FAH homologs were expressed in Escherichia coli and able to degrade homogentisate into fumarate and acetoacetate in the in vitro assays (Dixon and Edwards, 2006) , indicating that the Tyr degradation pathway may exist in plants. However, the role of the Tyr degradation pathway in plants is still unknown. In this study, we found that disruption of FAH, an enzyme catalyzing FAA into fumarate and acetoacetate in the final step of the Tyr degradation pathway (Lindblad et al., 1977) , leads to spontaneous cell death in Arabidopsis. Our results reveal the importance of the Tyr degradation pathway in plants and suggest that the Tyr degradation pathway is essential for plant survival under SD.
In animals, Tyr degradation is an essential pathway (Lindblad et al., 1977) , and blockage of it results in metabolic disorder diseases (Lindblad et al., 1977; Ruppert et al., 1992; Grompe et al., 1993) . Deficiency of FAH in animals causes lethality (Grompe et al., 1993 ; St-Louis and Tanguay, 1997), which is most likely due to the accumulation of the Tyr degradation intermediates MAA and FAA (Kvittingen, 1986; Jorquera and Tanguay, 2001) . The HGO, an enzyme upstream of FAH in the Tyr degradation pathway, is essential for the catalysis of homogentisate into MAA and FAA (Lindblad et al., 1977) . Inactivation of HGO in fungi, mice, and worms, therefore, was able to rescue the lethality associated with FAH mutations (Fernández-Cañón and Peñalva, 1995b; Manning et al., 1999; Fisher et al., 2008) . Through generation of the double mutant sscd1 hgo, we also found that disruption of the Arabidopsis putative HGO is able to completely eliminate the spontaneous cell death in the sscd1 mutant (Fig. 5) . These results suggest that the cell death in the sscd1 mutant could, directly or indirectly, result from the accumulation of MAA and FAA. Together with the observations from fungi, mice, and worms (Fernández-Cañón and Peñalva, 1995b; Manning et al., 1999; Fisher et al., 2008) , our results suggest that the Tyr degradation pathway may be a universal and conserved pathway.
The accumulation of MAA and FAA, resulting from the loss of FAH, would lead to abnormal metabolism of these compounds, both of which are reduced to succinylacetoacetate that is then converted to succinylacetone (Lindblad et al., 1977) . Studies on human HT1 and its animal models have shown that the accumulation of MAA, FAA, succinylacetoacetate, and succinylacetone causes direct tissue damage (Lindblad et al., 1977; Grompe et al., 1993; Sun et al., 2000; Aponte et al., 2001; Jorquera and Tanguay, 2001; Bergeron et al., 2006) . In this study, we found that treatment of Arabidopsis wild-type seedlings with succinylacetone is able to mimic the sscd1 cell death phenotype (Fig. 6A ) in a Figure 5 . The hgo-1 mutant completely suppresses the cell death phenotype of the sscd1-1 mutant. A, PCR-amplified products from the wild type (WT), heterozygote (hgo-1/+), and homozygote (hgo-1) using two specific primer pairs, LP2 + RP2 and LBb1.3 + RP2 (see "Materials and Methods"). The sizes of the PCR products are indicated. B, RT-PCR analysis of HGO expression in the wild type and the hgo-1 mutant. C, Structure of the HGO gene (from the translation start codon to the stop codon) and the location of the T-DNA insertion in the hgo-1 mutant. Black boxes and thick lines represent exons and introns, respectively. The numbers indicate the locations of bases relative to the start codon (ATG). TAA is the stop codon. D, Wild-type, sscd1-1, hgo-1, and sscd1 hgo seedlings grown on MS under SD for 9 d. E, Wild-type, sscd1-1, hgo-1, and sscd1 hgo seedlings grown in soil under LD for 2 weeks and then under SD for 6 d. The red arrows indicate some of the wilted leaves. dosage-dependent manner (Fig. 6B) , suggesting that accumulation of the metabolic intermediates, including succinylacetone, may lead to the cell death phenotype in the sscd1 mutant. The sscd1 mutant seedlings do not display a cell death phenotype under LD (data not shown). Compared with the wild type, sscd1 mutant seedlings, under LD, are more sensitive to exogenous succinylacetone in a dosage-dependent manner (Fig. 6) . Consistent with the cell death phenotypes in the sscd1 mutant under SD but not under LD ( Figs. 1 and 4 ; data not shown), we found that, under SD but not under LD, the sscd1 mutant accumulated higher levels of the Arabidopsis zeta class glutathione transferase1, which encodes the Arabidopsis putative MAAI (Dixon and Edwards, 2006) responsible for isomerizing MAA to FAA (Dixon et al., 2000; Chen et al., 2003; data not shown) . Together with the data shown in Figures 5 and 6 , these data indicate that higher levels of Tyr degradation intermediates might accumulate to cause cell death in the sscd1 mutant under SD but not under LD. It is possible that LD may suppress the accumulation of Tyr degradation intermediates.
We propose a possible mechanistic explanation for the relationships among cell death, photoperiod, and the Tyr degradation pathway. In the sscd1 mutant under SD, disruption of FAH leads to the accumulation of Tyr degradation intermediates, including MAA, FAA, succinylacetoacetate, and succinylacetone, which are toxic to plant cells and cause cell death. However, LD may suppress the accumulation of these Tyr degradation intermediates through yet unidentified mechanisms. The accumulation level of these intermediates could be very lower under LD, which is insufficient to damage cells and tissues. When the biosynthesis of these intermediates is abolished through the disruption of HGO, the cell death phenotype disappears under SD in the sscd1 hgo double mutant.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
The Arabidopsis (Arabidopsis thaliana) T-DNA insertion lines SAIL_128_B11 and SALK_027807 (Alonso et al., 2003) were ordered from the Arabidopsis Biological Resource Center.
Seeds were surface sterilized, plated on plant growth medium (Murashige and Skoog medium supplemented with 1% Suc [MS] ), chilled at 4°C for 2 d, and then transferred to a growth chamber under LD (16 h of light/8 h of dark) or SD (8 h of light/16 h of dark) at 150 mmol m 22 s 21 and 22°C. Similar conditions were followed for soil-grown plants.
Mutant Screening
Approximate 30,000 seeds of Arabidopsis Col-0 were mutagenized with 0.3% ethyl methanesulfonate following routine procedures. About 70% of mutagenized seeds (approximately 20,000 seeds) were able to grow in soil and produce M2 seeds. M2 seeds were routinely plated on MS, grown under LD for 2 weeks, and then moved to SD for screening of mutants with the wilting leaf phenotype.
Trypan Blue Staining
Trypan blue staining for the detection of cell death was performed according to Bowling et al. (1997) . The leaves were boiled for approximately 2 min in a lactic acid-phenol-trypan blue solution (2.5 mg mL 21 trypan blue, 25% [w/v] lactic acid, 23% water-saturated phenol, and 25% glycerol) and then stained overnight. Next, samples were decolorized with a chloral hydrate solution (2.5 g mL 21 ) for 3 d. After multiple exchanges of chloral hydrate solution, samples were equilibrated for several hours in 70% glycerol and examined with JSZ8 series zoom stereo microscope with a Nikon digital sight DS-Fi1.
Molecular Markers
The SCCD1 gene was identified using the map-based cloning approach (Xie et al., 1998) . The CAPS markers C4067 and C4102 showed a DNA polymorphism between Col-0 and Landsberg erecta when SspI and NcoI were used, respectively, to digest the PCR fragment amplified with their corresponding primers (C4067, 59-AACACTAGTGCCGTCACGTG-39 and 59-GCTGTCTA-GATTCAATGTATC-39; C4102, 59-ATCATGTAGAAGAAGGGTATC-39 and 59-GAAGGATACAATTTCAAAGAAC-39). The simple sequence-length polymorphic markers F16J7 and S4494 showed a polymorphism between Col-0 and Landsberg erecta when the PCR fragment was amplified with their corresponding primers (F16J7, 59-TGATGTTGAGATCTGTGTGCAG-39 and 59-GTGTCTTGATACGCGTCGAT-39; S4494, 59-AATCCAATTAACAGTAG-GCA-39 and 59-AGGTAATCATAACACAAATAATGT-39).
Complementation Test
The BAC F12F1 (AC002131) was digested with the restriction enzymes indicated in Figure 2 . Each digested fragment was recovered and cloned into pCambia1301 vector.
A 3,175-bp genomic fragment of the SSCD1 gene was amplified by FastPfu DNA polymerase (TransGen) from the wild-type (Col-0) plants using a forward primer (59-GTACCCGGGATGGCGTTGCTGAAGTCTTT-39) located at the SSCD1 start codon with a SmaI site added and a reverse primer (59-CGAGAGCTCACTTATTGTTAATGGGTTGG-39) corresponding to 39 of the stop codon with the addition of a SacI site and then cloned into the pROK2 vector under the control of a 35S promoter.
All constructs were mobilized into Agrobacterium tumefaciens by electroporation and then introduced into the sscd1-1 mutant by the floral dip method of in planta A. tumefaciens-mediated transformation (Clough and Bent, 1998) .
The sscd1-1 plants transgenic for an approximately 6.4-kb insert of F12F1 and the SSCD1 gene were referred to as sscd1::tESl 6.4 and sscd1::tSSCD1, respectively.
Characterization of T-DNA Insertion Lines
The specific primers for identifying the sscd1-2 mutant from the SAIL_128_B11 line were LP1 (59-CATCATCTCAAAAACGGAAGC-39), RP1 (59-TGCATCAAACAGCAATAAACG-39), and LB1 (59-GCCTTTTCAGAAA-TGGATAAATAGCCTTGCTTCC-39), and the specific primers for identifying the hgo-1 mutant from the SALK_027807 line were LP2 (59-CCTCCT-CGATGGTTGGTTGC-39), RP2 (59-GTCGGTAGCTCGGTGTTTGT-39), and LBb1.3 (59-ATTTTGCCGATTTCGGAAC-39).
RT-PCR Analysis
Two-week-old seedlings grown in MS were harvested. RT-PCR analysis was performed following routine procedures. The SSCD1 gene was amplified with primers 59-CCTCGTCCTGCCGTCGCTAT-39 and 59-CTTGTGGATG-GCCCTGACCT-39, and the HGO gene was amplified with primers 59-CGGTGAACTCTTTACTGCTA-39 and 59-ATCTAAACCAACACCGTTAT-39. The ACT2 gene was used as the internal control and amplified with primers 59-TTCCGCTCTTTCTTTCCAAGCTCA-39 and 59-AAGAGGCATCAATTC-GATCACTCA-39. The program of PCR was as follows: 95°C for 2 min; 25 cycles of 94°C for 30 s, 51°C to 55°C for 30 s, and 72°C for 1 min; and then 72°C for 10 min.
Generation of the sscd1 hgo Double Mutant
The sscd1-1 homozygous plants were crossed to the hgo-1 mutant. Then, hgo-1 homozygous plants were identified from the F2 progeny by PCR amplification with primers (LP2 + RP2 and LBb1.3 + RP2), among which the sscd1-1 homozygous plants were further identified through sequencing of the PCR products amplified with the SSCD1-specific primers (59-CCTCGTC-CTGCCGTCGCTAT-39 and 59-CTTGTGGATGGCCCTGACCT-39).
